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Summary. Background: Increasing age is the strongest risk factor for venous thrombosis (VT). Increasing age has been related to a thickening of the venous valves and a decreased valvular function. The association between valve thickness and the risk of VT is not known. Objectives: To assess the association between increased valve thickness and valve closure time (VCT) and the risk of VT. Methods: Analyses were performed in the BATAVIA study, including 70 cases aged 70 + with a first VT and 96 controls. We performed an ultrasound examination of the valves in the popliteal veins. The valves were imaged with a 9 MHz linear probe using B-mode ultrasonography. VCT was measured as an indicator for valve function using an automatic inflatable cuff. To estimate the risk of VT, valve thickness was dichotomized at the 90th percentile as measured in controls and VCT was dichotomized at 1 s. Results: Mean valve thickness of controls was similar in the left (0.36 mm, 95% CI 0.34-0.37) and right (0.36 mm, 95% CI 0.35-0.38) leg. In 45 cases a valve was observed in the contralateral leg with a mean valve thickness of 0.39 mm (95% CI 0.36-0.42). Cases had an increased valve thickness compared with controls: mean difference 0.028 mm (95%CI 0.001-0.055). Valve thickness > 90th percentile increased the risk of VT 2.9-fold. Mean VCT in controls was 0.38 s, in contralateral
Introduction
Several studies indicate that the majority of venous thrombi originate in the valve pockets. The valve pocket is the space between valve cusp and the vessel wall. In the deeper parts of the valve pockets, flow circulates at low velocity, creating two counter-rotating vortices [1] , and becomes increasingly hypoxic [2] . Hypoxia leads to endothelial damage, creating a hypercoagulable environment [3, 4] .
Age-related changes of venous valves have been described in several ex vivo studies and in one in vivo study. The ex vivo studies demonstrated a thickening of the valves with age in renal [5] and in femoral veins [6] . The thickening of the valves in these studies was shown to be the result of atrophy of muscle fibers, hypertrophy of elastic fibers, and an increased number of collagen fiber bundles. We previously demonstrated that in vivo visualization of venous valves and measurement of valve thickness by ultrasound is possible and reproducible. It was shown that aging is associated with thicker valves, as measured by ultrasound [7] . Valvular reflux can proceed from venous thrombosis (VT), leading to the post- thrombotic syndrome (PTS) [8, 9] . However, reflux can also lead to an increased risk of VT by increasing stasis and subsequent local hypoxia, thereby contributing to a hypercoagulable environment. Venous thrombosis is rare in young individuals (< 1 per 10 000 per year) but increases to approximately 1% per year in old age [10] . As the incidence of VT increases strongly with age and the worldwide population of the elderly grows [11] , the focus on the aetiology and prevention of disease in the elderly becomes more relevant.
Aging of venous valves, i.e. thickening of the valves and a decrease in valvular function has not been studied in relation to VT.
Therefore, the aim of our study was threefold: (i) to study the association between thickened valves in the popliteal vein and the risk of VT; (ii) to study the association between valvular function, as measured by the valve closure time (VCT) and the risk of VT, and (iii) to study the association between valve thickness and valvular function.
Methods

Study participants
The Biology of Ageing and Thrombosis: Appraisal of Valve thickness and function, an In Vivo Assessment (BATAVIA) Study is a population-based case-control study in Leiden, the Netherlands. Patients with deep venous thrombosis of the leg with or without pulmonary embolism, who were included in the AT AGE study, a case-control study on risk factors for venous thrombosis in the elderly, were invited to participate in the BATA-VIA study [12] . In the AT AGE study, consecutive elderly patients (older than 70 years) who had a first deep vein thrombosis (DVT) with or without pulmonary embolism (PE) from June 2008 to July 2011 were identified at two regional Anticoagulation Clinics in Leiden and Haarlem as part of a large multicentre study on risk factors for venous thrombosis in the elderly. Diagnosis of DVT was objectively confirmed by compression ultrasonography or duplex ultrasound. Information on affected veins was based on the discharge letters collected from hospitals. Control subjects were identified in the same geographic area as the cases. Control subjects were randomly selected from five primary care practices in Leiden. Individuals with a history of VT, present or recent malignant disease (i.e. diagnosis of cancer, chemotherapy or radiation therapy for cancer within 6 months of VT diagnosis or date of telephone call for the control subjects), severe psychiatric or cognitive disorder were excluded. For the BATA-VIA study, for practical reasons, individuals living in nursing homes were excluded.
Of the 160 identified cases from the ATE AGE study, 104 were eligible to participate in the BATAVIA study. To increase the sample size, additional patients with same inclusion and exclusion criteria were selected from the anticoagulation clinic in Leiden. Patients with a first DVT between August 2011 and July 2013 (n = 61) were identified. Of these 61 newly identified cases, 32 were eligible. Of a total of 221 eligible cases, 136 (62%) were invited to participate in the BATAVIA study (Fig. 1) . Reasons for not being invited were the following: 29 (34%) died before inclusion in the BATAVIA study was possible, 28 (11%) had developed a cognitive or psychiatric disorder or were currently living in nursing homes, 2 (2%) had active malignancy, and 30 (35%) had a prior history of VT. Of the 289 identified control subjects, 215 (74%) could be invited and of the 215 invited control subjects, 97 (45%) participated. Of those who could not be invited, 52 (70%) died before inclusion was possible, 15 (20%) had developed a cognitive or psychiatric disorder and were currently living in nursing homes, 2 (3%) had an active malignancy, and 5 (7%) had a history of VT. In the end 70 cases and 96 control subjects participated in our study.
All participants gave written informed consent. The study was approved by the Medical Ethics committee of the Leiden University Medical Center, Leiden, the Netherlands.
Data collection
All identified cases and control subjects received an invitation letter by mail, followed by a telephone call to discuss participation. Home visits for an extensive structured interview and LUMC visits for the ultrasound examinations were scheduled for all eligible cases and control subjects.
The interview included questions on presence of varicose veins, use of plaster cast of lower extremities, and surgery of lower extremities both at the time of the index date and ever in their lives. The index date was defined as the date of the diagnosis of the VT for the cases and the date of the interview for the control subjects. Physical measurements were performed including weight and height. Body mass index (BMI) was calculated by dividing body weight (kg) by height squared (m 2 ). Ultrasounds examinations were performed using an adjustable examination table, set to an inclination of 45°a nti-Trendelenburg, as described previously [7] . The incline was used to attain optimal filling of the venous system. A number of participants were not able to stand on the examination table (n = 18), they were asked to sit on the table, legs stretched. Imaging of the valves of the popliteal vein in both legs was done using 9-MHz linear probe using B-mode ultrasonography (z.one; Zonare Ò Medical Systems, Inc., Mountain View, CA, USA). In both legs, the transducer was first placed transversely in the popliteal fossa. Compression of the popliteal vein was done to confirm the absence of thrombosis. Then, the transducer was placed longitudinally following the vein over 10-12 centimeters in search of valves. When valves were visualized, multiple images were saved for offline processing.
Valvular function was assessed using an automatic inflatable cuff (Hokanson rapid cuff inflator, Bellevue, Wash). Time of reversed flow following valve closure was measured. We achieved valve closure by applying standardized calf compression of 100 mm Hg with the inflatable cuff. Valve closure time (VCT) is a validated method to discriminate between normal and incompetent venous valves [13] .
Valve thickness was measured offline using a dedicated in-house developed software program (VesselMass, Leiden University Medical Center, Leiden, the Netherlands) [14] . For every participant, the presence or absence of valves in both legs was documented. Images of valve leaflets which had the best visibility, and sharpest contours and a clear attachment to the venous vessel wall, i.e., the so called valvular agger, were selected for further measurements. To standardize the measurement of the valve leaflet and because the attachment of the valve leaflet to the vessel wall is not always visible in the imaging procedure, we used a fixed measuring distance of the valve starting 2 mm from the vessel wall using the method previously described by van Langevelde et al. Figure 2 shows a schematic drawing of the valve measurement.
All ultrasonography examinations and offline measurements were done by one of the researchers (AK). The ultrasonography images were stored anonymously, and therefore the measurements were done without prior knowledge on whether individuals were case or control subject.
Statistical analysis
Determinants of valve thickness were assessed in the control subjects as reflecting the general population of this age. Determinants were established by comparing means and using linear regression. Mean thickness of the imaged valve in the left and right leg in the control subjects was calculated separately. Since there was no difference between the left and right leg (mean difference 0.009 mm, 95% CI À0.016-0.034), we combined the thickness from both legs and calculated a mean valve thickness in control subjects. The mean value of both legs was used in all further analyses.
We studied the association between VT and an increased valve thickness in the total study population. The valves in the ipsilateral leg of the patients are often damaged by the thrombosis and not likely to provide a reliable assessment. Therefore, as an assessment of the ipsilateral leg, the contralateral leg was used for all analyses in patients. To assess whether the valve thickness in the contralateral leg was representative for the valve thickness in the ipsilateral leg, we compared the valve thickness in the ipsi-and contralateral leg in patients where imaging of the ipsilateral leg was possible using a paired t-test. To analyse whether increased valve thickness increases the risk of VT, valve thickness was stratified at the 90th percentile as measured in control subjects. To study a dose-response relation, valve thickness was further stratified into quartiles. The risk of VT was assessed by calculating odds ratios (OR) with corresponding 95% confidence intervals (95% CI) after adjustment for age (continuous) and sex (dichotomous).
We analysed the association between VCT and VT. As the cut-off value for reflux in deep veins is defined as a VCT > 1 s [15] , we stratified the VCT at 1 s and calculated the risk of VT associated with prolonged VCT. To study the relation between VCT and valve thickness, linear regression was used.
In patients where we were able to visualise the venous valve in the ipsilateral leg, we mapped the distribution of thrombi in the ipsilateral legs. Descriptive statistics have been used to explore the anatomical distribution of venous thrombi.
Two reproducibility studies were conducted to test our measurement techniques. In the first study, from 14 participants valve thickness of the same image from the saved ultrasound examination was measured again by the same researcher without knowledge of the outcome of the first measurement. As such, we measured the reproducibility of the program VesselMass. In the second study, 11 participants underwent a second ultrasound examination to test the reproducibility of the operator. Two Bland-Altman plots were made to visualize the results. In the first Bland-Altman plot the difference in valve thickness between measuring the same image twice with VesselMass (depicted on the y axis) and the mean valve thickness of the 2 measurements (depicted on the x axis) was shown. In the second Bland-Altman plot the difference in valve thickness between the first and second ultrasound examination (depicted on the y axis) and the mean valve thickness of the two measurements (also [7] . To standardize the measurements, the distance between the 2 circles, which corresponds with 3 mm, was generated by VesselMass. Valve thickness over these 3 mm was measured.
depicted on the x axis) was shown. Using the reproducibility method described by Bland and Altman, the 95% limits of agreement was calculated for repeated measurements. 95% of differences between the first and second measurement are expected to be less than 1.96 SD from the mean difference [16] .
All analyses were performed using IBM SPSS Statistics 20.0 for Windows (SPSS Inc, Chicago, IL, USA).
Results
General characteristics of the cases and control subjects are shown in Table 1 . There were 31 (44%) women cases and 50 (52%) women control subjects. Mean age of cases and control subjects was 76 years. Among the 70 cases who participated, 69 (99%) underwent ultrasound examination and 69 (99%) completed the questionnaire; whereas all of the 96 participating controls (100%) completed both the ultrasound examination and questionnaire. Ultrasound examination took place after a mean duration of 31.9 months after VT diagnosis (range: 4-54 months). In 68 (97%) cases the side of the DVT was known. In the cases, in 45 (68%) individuals a valve was observed in the contralateral leg, and in 34 (51%) in the ipsilateral leg. In the control subjects in 75 (78%) individuals a valve was observed in the left leg, and in 62 (65%) in the right leg. Table 2 describes the mean valve thickness in different subgroups of control subjects. In 50 control subjects a valve was observed in both legs and there was no difference in valve thickness between the left (0.36 mm, 95% CI 0.34-0.37) and right (0.36 mm, 95% CI 0.35-0.38) leg in these control subjects. We found no difference in valve thickness between men and women, neither between a low (≤ 27) and high BMI (> 27). Individuals below age of 80 had a mean valve thickness of 0.35 mm (95% CI 0.34-0.37), whereas those aged ≥ 80 years had a mean valve thickness of 0.38 mm (0.33-0.43), resulting in a mean difference of 0.029 mm (95% CI À0.004 to 0.061). Mean valve thickness in the contralateral leg of the cases was 0.39 mm (95% CI 0.36-0.42), leading to a mean difference of valve thickness between cases and control subjects of 0.028 mm (95% CI 0.001-0.055). This is a 8% difference between cases and control subjects. Valve thickness above the 90th percentile as measured in control subjects (> 0.44 mm), was associated with a 2.9-fold increased risk of VT (95% CI 1.0-8.0) compared with valve thickness ≤ 90th percentile. To study whether there was a doseresponse relation between valve thickness and the risk of VT, we stratified valve thickness into quartiles. Using the first (lowest) quartile as the reference category, the OR was not increased in the second and third quartile with an OR of 0.9 (95% CI: 0.3-2.7) and 0.7 (95% CI: 0.2-2.3), respectively. The risk of venous thrombosis was increased in the fourth quartile (≥ 0.39 mm): OR 2.3 (95% CI: 0.8-6.5, Table 3 ).
Risk of VT associated with increased valve thickness
Risk of VT associated with prolonged valvular reflux
Mean VCT in the right leg of control subjects was 0.39 s (95% CI 0.26-0.51), in the left leg was 0.37 s (95% CI 0.26-0.48), generating a mean VCT in control subjects of 0.38 s (95% CI 0.30-0.46). Mean VCT in the contralateral leg of the cases was 0.58 s (95% CI 0.32-0.84). We stratified the VCT at 1 s, and 4 control subjects and 7 cases had a VCT ≥ 1 s, indicating that an VCT > 1 s was associated with a 2.8 fold increased risk of VT compared with a VCT ≤ 1 s (OR: 2.8; 95% CI 0.8-10.4).Valve thickness was associated with VCT, i.e. for every 0.1 mm 
Characteristics of ipsilateral legs in cases
In 19 patients a valve was observed in both legs and no difference was found between the contra-and ipsilateral leg in these individuals (mean difference of 0.015, 95% CI À0.027 to 0.058). Of the 68 cases in whom the side of DVT is known, in 32 (47%) individuals no valve was observed in the popliteal fossa of the affected leg. Involvement of veins was studied in these 32 cases (Table 4) , showing vena poplitea involvement in 13 cases, vena femoralis involvement in 11 cases, vena iliaca involvement in 3 cases and calf veins involvement in 7 cases. Overlap existed between vein involvements: 1 individual had involvement of both calf veins and vena poplitea, 3 individuals had involvement of calf veins, vena poplitea and vena femoralis, 1 individual had involvement of calf veins, vena poplitea, vena femoralis, and vena iliaca, 3 individuals had involvement of both vena poplitea and vena femoralis, and 2 individuals had involvement of vena poplitea, vena femoralis, and vena iliaca. Of 32 ipsilateral legs in which no valve was observed, the vena poplitea was the most often affected vein (n = 13, 41%). In 11 (46%) individuals with an affected popliteal vein (n = 24), a valve was observed. Furthermore, in those whose popliteal vein was not affected (n = 42), a valve was observed in 23 (55%) individuals.
Reproducibility studies
To assess the reproducibility of the software VesselMass, we included 14 images of 14 participants and measured the valve thickness twice. The mean of the difference between the 2 measurements was 0.0143 mm (SD 0.06223). The 95% limits of agreement were À0.1077 to 0.1363, visualized by a Bland-Altman plot (Fig. 3A) . All of our measurements were within the 95% limits of agreement, except for one outlier. The intra-observer coefficient of variability for the software is 7.1.
To assess the reproducibility of the operator, 11 participants underwent an ultrasound examination a second time. The mean of the difference between the 2 measurements was 0.0045 mm (SD 0.07216) with 95% limits of agreement of À0.1369 to 0.1459, also visualized by a Bland-Altman plot (Fig. 3B) . The intra-observer coefficient of variability is 11.2.
Discussion
In this population-based case-control study among individuals aged 70 years and older, valve thickness of the popliteal vein above the 90th percentile, as measured in the control group, was associated with a 2. This is the first study to assess the risk of VT in relation to valve thickness and valve closure time in vivo in an elderly population. Previous studies were either human autopsy studies [5, 6] , or canine studies [1] , or not related to venous thrombotic disease [7] .
Thickening of the valve leaflets has been assigned to increase of collagen fibre bundles in cadaver studies including individuals ranging in age from 1 day to 84 years [5] . Several studies have shown that a decreased compliance of vessel walls is also related to aging [17, 18] . Together, they can disturb the normal blood flow and enhance stasis in the valve sinus, contributing to the development of thrombosis. Supporting this hypothesis is a previous study in which by using venography it was demonstrated that with increasing age valvular stasis progresses [19] . Also, a relation was found between frequency of VT and the number of valves in individuals [20] . The valvular sinus endothelium adapts to the hypercoagulable state by higher expression of protein C receptor (EPCR) and thrombomodulin (TM) and lower expression of von Willebrand factor (vWF), creating a thromboresistant phenotype compared to the luminal endothelium, as demonstrated in two studies [21, 22] .
In almost half of all ipsilateral legs, no valve was detected during the ultrasound examination (47%). We've mapped the vein involvements in the legs with absent veins, and noted that in most cases (41%), the vena poplitea was involved. This might be related to the mechanical destruction of potential present valves due to the prior thrombus. A valve was more often observed when the popliteal vein was not affected (55%) than when the popliteal vein was affected (46%), however due to the limited power in these subgroups definite conclusions should be cautiously made.
Our results regarding the reproducibility of the measurement software and operator showed that the reproducibility was good, as the mean difference between the measurements were small (0.0143 mm and 0.0045 mm) and the narrow limits of agreement are, in our opinion, an acceptable error level.
In our study, the thickest valves were found in those aged ≥ 80 years, in line with previous research [7] . Other than age, no other determinants were identified for valve thickness. It is currently unclear whether the process of aging of the venous valves is confined to the location of the thrombosis or whether it is a generic process and therefore it is measurable in veins elsewhere in the body, e.g., in the jugular veins. The fact that there was no difference in valve thickness between the ipsi-and contralateral legs of patients supports the hypothesis that thickening of valves is a generic process.
The strengths of our study are the in vivo nature, the non-invasiveness of ultrasound, the specific attention to the elderly, and the ultrasonography information on both the contra-and ipsilateral leg. To our knowledge, presence of valves in contra-and ipsilateral legs have not been studied before.
Some aspects of our study warrant comment. First, quality of ultrasonography examinations is directly related to operator skill, training, and experience [23] . To minimize inter-individual bias all examinations were performed by one operator (AK). Second, in only 64% of contralateral legs of the cases, 46% of left legs and 39% of right legs of the control subjects we observed a valve in the popliteal fossa. Although this is not likely to substantially affect our data, the applicability and utility of this technique will be limited in clinical situations. In future studies, it may be beneficial to include the measurement of venous valves in multiple veins, e.g., including the vena femoralis to increase the number of potentially measurable valves. Third, due to the small number of participants, particularly when analysed in subgroups of valve thickness, the confidence intervals are wide indicating that larger studies to confirm our findings are warranted. Finally, valves in the contralateral legs in patients may not be a good representation for the valves in the ipsilateral legs. However, this is unlikely since no difference was observed between the valve thickness measured in the right and left leg of control subjects. Furthermore, in cases where valve thickness in both the ipsi-and contralateral leg could be measured, again, no difference was observed indicating that measuring the contralateral leg provides a good estimation of the valve thickness in the ipsilateral leg but increases the power of the study.
To conclude, our study demonstrates an increased risk of VT associated with increased valve thickness, and increased valvular reflux of > 1 s. Furthermore, thickening in venous valves is associated with a decrease in valve function.
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